A new hybrid exchange-correlation functional named CAM-B3LYP is proposed. It combines the hybrid qualities of B3LYP and the long-range correction presented by Tawada et al. [J. Chem. Phys., in press]. We demonstrate that CAM-B3LYP yields atomization energies of similar quality to those from B3LYP, while also performing well for charge transfer excitations in a dipeptide model, which B3LYP underestimates enormously. The CAM-B3LYP functional comprises of 0.19 Hartree-Fock (HF) plus 0.81 Becke 1988 (B88) exchange interaction at short-range, and 0.65 HF plus 0.35 B88 at long-range. The intermediate region is smoothly described through the standard error function with parameter 0.33.
Introduction
In density functional theory (DFT), as it is used for computational chemistry, the hybrid functional B3LYP [2, 3] appears to offer the greatest contribution (if measured by the number of applications which have been published). However it is unsuccessful in a number of important applications: (i) the polarizability of long chains, (ii) excitations using time dependent theory (TDDFT) [4] [5] [6] for Rydberg states, and perhaps most important (iii) charge transfer (CT) excitations [7] [8] [9] . The reason for these failures is understood, at longrange the exchange potential behaves as À0:2r À1 , instead of the exact value Àr À1 . Even so, the potential is an improvement over that LDA and BLYP, where there is no r À1 dependence in the potential. Recently Tsuneda and co-workers [1] 
The first term accounts for the short-range interaction, and the second term accounts for the long-range interaction. The key in the long-range-corrected (LC) exchange functional scheme for DFT [10] [11] [12] [13] is that the DFT exchange interaction is included using the first term (short-range), and the long-range orbital-orbital exchange interaction is described with the HartreeFock (HF) exchange integral via the complementary term. Specifically, the short-range part of the exchange interaction is incorporated by modifying the usual exchange functional form, E x ¼ Àð1=2Þ P
where a r , b r and c r are:
To reach this form, erfcðlr 12 Þ has been multiplied by the square of the one-particle density matrix for the uniform electron gas, and then integrated [12] . Use of K r allows the incorporation of generalized gradient approximation functionals [10] . The long-range part of the exchange interaction is expressed with the HF exchange integral [12] , The incorrect long-range exchange interaction delivered by the standard DFT exchange functionals seems to lead to the underestimation of 4s-3d interaction energies of the first-row transition metals, the overestimation of the longitudinal polarizabilities of p-conjugated polyenes, the poor description of the weak interaction of van der Waals bonding of rare-gas dimers, and the underestimations of Rydberg excitation energies, oscillator strengths, and charge-transfer excitation energies. Tsuneda and co-workers have shown that their LC method with l ¼ 0:33 gives greatly improved results for all of these phenomena [1, 10, 17] . Unfortunately, we find that LC-BOP does not work well for the more standard energy calculations on which the parameters for B3LYP were derived. Indeed, the mean absolute error in the atomization energies of 53 molecules with the high quality basis sets, augmented ccpVQZ, increases from 2.5 kcal mol À1 (B3LYP) to 9.5 kcal mol À1 (LC-BOP), which seriously detracts from the quality of LC-BOP. The purpose of this Letter is to show how it is possible to combine the ideas behind B3LYP and LC-BOP to deliver a functional which has the energetic qualities of B3LYP and the asymptotic qualities of LC-BOP.
Coulomb-attenuating method with three parameters
Now, we generalize the form of Eq. (1) using two extra parameters a and b as,
where the relations 0 6 a þ b 6 1, 0 6 a 6 1, and 0 6 b 6 1 should be satisfied. We term this the 'Coulomb-attenuating method (CAM)' approach. Fig. 1 illustrates the schematic plots of two functions, Eqs. (1) and (7). The parameter a allows us to incorporate the HF exchange contribution over the whole range by a factor of a, and the parameter b allows us to incorporate the DFT counterpart over the whole range by a factor of 1 À ða þ bÞ. We note that the widely-used hybrid B3LYP functional [2, 3] takes CAM potential partitioning of Eq. 
where the additional term DE B88 X is Becke's 1988 gradient correction for exchange [14] with the semiempirical parameter c B88 ¼ 0:72, which Becke obtained by a linear least-square fit to experimental data [2] . Also, the original LC corresponds to the CAM with a The extra flexibility arising from two extra parameters a and b allows us to look at how important the HF exchange contribution is for the short-range region and the DFT counterpart is for the long-range region. In the original form of the LC decomposition (Eq. (1)), either HF or DFT exchange vanishes at r ¼ 0 and r ¼ 1.
We note that CAM with the Gaussian-type basis implementation requires the same types of the Coulomb-attenuated and non-attenuated (standard) twoelectron integrals [12] as the original LC approach of Eq. (1). The details about modifying the DFT exchange functionals and the HF exchange integral to involve the error function are described in [1, 10] .
Procedure: trial CAM exchange-correlation functionals
In this Letter, we investigate the performance of the Coulomb-attenuating method with several existing GGA functionals. Table 1 summarizes the exchange- correlation functionals examined in this study. The Becke 1988 exchange functional is used in all of the LC and CAM functionals, and is mixed with the HF exchange according to Eq. (7). For the partner correlation functionals, we use the OP correlation functional, the Lee-Yang-Parr (LYP) [19] , and the correlation functional employed in B3LYP, which is 0.19 VWN5 + 0.81 LYP, where the VWN5 functional is the local correlation functional of Vosko, Wilk and Nusair (VWN) [20] parameterized with the data of Ceperley and Alder [21] . Note that this is different to the standard B3LYP implemented in GAUSSIAN A USSIAN which uses VWN1 instead of VWN5 [18] , we refer to this functional as B3LYP(G). The possible combinations of the exchange-correlation functionals are termed CAM-BOP, CAM-BLYP, CAM-B3LYP, LC-BOP, and LC-BLYP. For the parameter l, the same value is used as in Tawada's study [1] , l ¼ 0:33. The parameter a, which determines the contribution of the HF exchange at the short-range region, was chosen to be 0.2 for the three functionals, CAM-BOP, CAM-BLYP, and CAM-B3LYP. We vary the parameter b so that the HF exchange could contribute to the long-range region with a þ b ¼ 0:6; 0:8; or 1:0 for three functionals.
We compare the present functionals with four kinds of the widely used, well-examined exchange-correlation functionals, HCTH/93 [22] , BLYP, B3LYP(G) (VWN1), and B3LYP (VWN5). We used the INTEGRA NTEGRA [23] as a part of the UTCHEM TCHEM 2004 program package [24, 25] to carry out Kohn-Sham self-consistent field (KS-SCF) calculations with the LC and CAM methods. The KS-SCF calculations with the standard BLYP, HCTH, B3LYP(G), and B3LYP were performed using NWCHEM WCHEM program package version 4.5 [26] .
Results

Atomization energies, ionization potentials, and atomic energies
We calculated 53 atomization energies and 22 ionization potentials from the molecules of the G2 set [27, 28] . All calculations were performed with sufficiently accurate correlation-consistent aug-cc-pVQZ Gaussian basis sets. Tables 2 and 3 show the statistical data for atomization energies and ionization potentials with comparison to the experimental data, which are taken along with zero point energies from [2, 29] . Table 4 summarizes the atomic energy data of the first-row atoms H through Ne with comparison to the exact energies [2] . Within the standard exchange-correlation functionals, B3LYP(G) gives the smallest errors for the atomization energies with 2.54 kcal mol À1 for the mean absolute error (MAE) and 3.38 kcal mol À1 for the root mean square deviation (RMS). The HCTH functional gives the best performance for the ionization potentials within the standard functionals with 0.154 eV for MAE and 0.187 eV for RMS. B3LYP performs best for the atomization energies with 0.005E h for both MAE and RMS.
The LC-based exchange-correlation functionals, LC-BOP and LC-BLYP, enormously overestimate the atomization energies with MAEs of 6-7 kcal mol À1 and RMS errors of 8-9 kcal mol À1 , while they perform comparably well for computing ionization potentials. Both of the LC functionals systematically overestimate the total atomic energies of H-Ne with an RMS of 0.09-0.13 E h .
As for the CAM exchange-correlation functionals, the errors of the atomization energies are significantly improved compared to the LC method by setting a ¼ 0:2 for CAM-BOP, CAM-BLYP and CAM-B3LYP. For ionization energies, the CAM functionals are also better than the LC functionals. The CAM-BOP and CAM-BLYP functionals systematically overestimate the total atomic energies of H-Ne with a MAE of 0.069-0.030 E h . The inclusion of the VWN5 correlation contribution into the LYP functional greatly reduces these errors to within an acceptable level. However, the atomization energy errors deteriorate by 0.1-0.3 kcal mol À1 with the inclusion of VWN5. We consider that due to the prevalence of hydrogen in chemical systems, the good reproduction of the total atomic energies, hydrogen in particular, is more important than the slight loss in quality of the atomization and ionization energies. Increasing the ratio of the Becke 88 exchange contribution at long-range reduces the errors of the atomization, ionization and the total atomic energies. For instance, the CAM-BLYP with a ¼ 0:2 and a þ b ¼ 0:6 is better by 1.62 kcal mol À1 for MAE and RMS than that with a ¼ 0:2 and a þ b ¼ 1:0. The maximum deviations are also reduced. While the CAM-BLYP method with a ¼ 0:2 and a þ b ¼ 0:6 gives the smallest errors for the atomization energies of the three CAM functionals with a MAE of 2.28 kcal mol À1 , and CAM-BOP with a ¼ 0:2 and a þ b ¼ 0:6 gives the best ionization energies with an MAE of 0.153 eV, we recommend CAM-B3LYP due to its success in reproducing total atomic energies.
We find that the optimal values for the two parameters a and b of CAM-B3LYP which yield the smallest errors for the atomization energies, are found to be 
This functional yields results comparable to those of B3LYP for the atomization energies, ionization potentials and total atomic energies ( Table 5 ). The sum a þ b is rather crucial, because it gives the asymptotic coefficient of Àr 
for CAM-B3LYP. In Section 4.2, we use these two sets of a and b to investigate how the long-range HF exchange interaction effects the charge transfer excitations in TDDFT calculations. Table 5 summarizes the atomization energies, ionization potentials, total atomic energies with the above two forms of CAM-B3LYP. Both Table 4 Statistical data for total atomic energies (hartree) of H-Ne with aug-cc-pVQZ Gaussian basis sets Table 5 Statistical data for atomization energies (kcal mol À1 ) (with 53 molecules), ionization potentials (eV) (with 22 atoms and molecules), and total atomic energies (hartrees) (with H atom through Ne atom) from the small G2 set using CAM-B3LYP with a þ b ¼ 0:65; 0:8, compared to B3LYP and LC-BLYP with aug-cc-pVQZ Gaussian basis set forms are similar in quality to B3LYP, and are a great improvement over LC-BLYP.
Charge transfer excitations in the dipeptide model
Excited state calculations with TDDFT were performed on a glycine dipeptide model system, which was previously studied by Tozer and co-workers [7] . We used the same geometry with the same basis sets TZ2P (5s4p2d on first row; 3s2p on H) as used in Tozer's study. Table 6 lists the excitation energies and the oscillator strengths. It is to be noted that the n ! p Ã excitations within the same fragment are well produced by all the DFT methods, when compared to the highly accurate multireference perturbation calculation with CASPT2 [30] .
The charge transfer excitations of n ! p Ã and p ! p Ã between different fragments are very poorly predicted by the DFT calculations with the standard exchange-correlation functionals, in particular the BLYP for n ! p If the problem is truly multiconfigurational, then DFT will fail. This is the most plausible explanation.
Conclusions
The recent work by Tsuneda and co-workers [1, 10] has shown how DFT studies can now be performed to a useful accuracy for polarizability of long chains, excitations to Rydberg states and charge transfer excita- Table 6 The electronic spectrum (eV) of a dipeptide (C tions. Previously DFT calculations using GGA functionals (BLYP) and hybrid functionals (B3LYP) have been frequently used for energetic studies and structural studies. A combination of the two clearly goes a long way for the provision of a very useful computational chemistry methodology. We are suggesting that the CAM-B3LYP functional presented in this Letter meets these criteria. In the CAM-B3LYP functional, we have replaced the Becke parameter a by two parameters a, b for mixing Becke 1988 exchange and HF exchange, with l describing the conversion from one to the other through Eq. (7). Our best functional uses a ¼ 0:19, a þ b ¼ 0:65 and l ¼ 0:33 (Tawada's value). We used Becke's VWN5/LYP mixing parameter ( ¼ 0.19) for the correlation functional without adjustment. Our calculations have shown that this functional predicts energetic quantities to the accuracy of B3LYP. Our first investigations on charge transfer energies suggest that it is possible to achieve chemical accuracy (0.1 eV). The cost for the implementation of this functional is no more severe than that required for B3LYP (within a factor of 2 for computing two-electron integrals). This functional is a hybrid functional with improved long-range properties.
